Introduction
Attention Deficit Hyperactivity Disorder (ADHD) is one of the most common neuropsychiatric disorders with estimated prevalence rates of 5% to 10% in school age children (Scahill and Schwab-Stone, 2000) , 4% in college students (Heiligenstein et al., 1998) and ∼2.5% in adults (Heiligenstein et al., 1998; Kooij et al., 2005) .
The Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) defines three ADHD clinical phenotypes, inattentive (IA), hyperactiveimpulsive (HI) and combined (C) based on symptom count (6 for either IA or HI and 6 in each category for C) (Association, 2004) . In an epidemiological sample of 1480 Swedish twins, parental assessments at ages 8-9, and later at ages 13-14 indicated a high stability of ADHD symptoms over this 5-year period (Larsson et al., 2004) . Subsequent follow-up at ages 16-17 indicated that hyperactivity-impulsivity decreased while inattention remained the same (Larsson et al., 2006) . In a Finnish population study, the most prevalent ADHD subtypes were combined for childhood and inattentive for adolescents and a later age of onset for IA is also reported by another study (Willoughby et al., 2000) . Changes in subtypes are also reported in clinical samples. A longitudinal ADHD study of 4-6 year olds found that 37% of combined (C), 50% of inattentive (IA) met criteria for a different subtype at least twice during an 8-year time span while almost all hyperactive-impulsive (HI) children remitted or shifted to another subtype (Lahey et al., 2005) .
Statistical methods are currently being used to identify more distinct homogenous ADHD subgroups. Latent Class Analysis (LCA), a non-parametric variant of cluster analysis that combines the probability of reported symptoms (without using symptom number cutoffs) and overall symptom profile, has been applied to ADHD data derived from U.S. (Hudziak et al., 1998; Neuman et al., 1999; Neuman et al., 2001 Neuman et al., , 2005 Todd et al., 2001; Volk et al., 2005 Volk et al., , 2006 , Australian (Rasmussen et al., 2002 (Rasmussen et al., , 2004 , and Dutch (Althoff et al., 2006) population-based twin studies. In the U.S. and Australian (Althoff et al., 2006) population based twin studies. In the USA and Australian twin samples, six to eight distinct heritable ADHD classes (few symptoms; mild inattentive; talkative/impulsive; mild combined; mild hyperactive/inattentive; severe inattentive; severe combined; severe hyperactive impulsive) have been identified. The three severe classes (severe combined, severe inattentive, severe hyperactive impulsive) overlap with the DSM-IV clinical subtypes. The DSM-IV inattentive subtype was found in several latent classes and the severe inattentive latent class contained some but not all DSM-IV identified cases as well as some subjects without a DSM-IV diagnoses (Rasmussen et al., 2002; Todd et al., 2001; Volk et al., 2005) . Over half of the subjects with mild combined subtype also did not meet criteria for DSM-IV ADHD suggesting the presence of a subtype not detected by DSM-IV criteria (Volk et al., 2006) . In the twin sample from the Netherlands that utilized parent and teacher ratings (CPRS-R:S and CTRS-R:S), three to four classes were identified that corresponded to the mild and severe forms of inattentive, hyperactive-impulsive and combined groups (Althoff et al., 2006) . In another population study of adolescents based on self-reported ADHD symptoms, Rohde et al. (2001) identified eight LCA clusters, one which was unaffected, one with mild hyperactivity and the others with combined symptoms.
LCA applied to a large sample of 4422 clinically referred 6-18 year old ADHD children, deNijs and colleagues identified five classes; three of those classes had high, medium and low levels of both inattentive and hyperactive symptoms while two classes had high IA and lower HI scores. No hyperactive-impulsive cluster was identified that questioned the validity of this subgroup (de Nijs et al., 2007) .
Twin studies with heritability estimates of 51% to 90% indicate a high genetic contribution to ADHD. Numerous genetic association studies to date have identified several high-quality candidate ADHD genes (Faraone and Khan, 2006) , although none have been confirmed unequivocally. Reasons for this include small sample sizes (leading to low statistical power), genetic heterogeneity and limited genotyping of variants in candidate genes. Most studies have also used only DSM-IV defined diagnostic phenotypes. In one study utilizing both DSM-IV and LCA criteria, Todd et al. (2003) reported a significant association for a CHRNA4 polymorphism for both phenotype classifications. However, in a later study reanalyzing data from three studies investigating associations between polymorphisms of DRD4 and DAT genes and DSM-IV subtypes, a significant association was reported between the 3′DAT VNTR and LCA-defined severe combined ADHD, whereas no significant associations were previously found .
Comorbid conditions, including oppositional defiant disorder (35%), conduct disorder (30-50%), anxiety disorders (25%), mood disorders (15-75%) and learning disabilities (10-92%), noted in clinical ADHD samples (Biederman et al., 1991; Brown et al., 2001; Cantwell 1996; Jensen et al., 1997; Spencer, 2006) add another layer of complexity to the ADHD phenotype. High rates of comorbid disorders also occur in epidemiological samples suggesting that this is not an artifact of referral bias (Angold et al., 1999; Caron and Rutter, 1991) . A population study of female twins assessing ADHD comorbid patterns using LCA, identified nine significant clusters of which three were highly heritable; (1) IA without comorbidity; (2) IA with ODD; (3) Combined ADHD with ODD, separation anxiety and depressive symptoms . In a second population-based ADHD study that included male and female twin pairs (ages 7-19), LCA identified the following five significant clusters; (1) no comorbidity; (2) depression; (3) ODD with CD; (4) ODD; (5) ODD, CD and depression (Volk et al., 2006) . Higher levels of comorbid ODD, CD and to a lesser degree mood and anxiety problems were reported in clusters with the higher levels of ADHD symptoms by de Nijs et al. (2007) . In multigenerational families in a genetically isolated Paisa community in Colombia that identified seven significant ADHD LCA clusters, ADHD was also found to segregate with ODD, CD, ODD and CD, and CD and alcohol use and dependence. These comorbid ADHD phenotypes were found to have a significant linkage at loci 8q24, 2p21-22.3, 5p13.1-p13.3, 12p11.23-13.3, 8q15 and 14q21.1-22.2 providing support for pleiotropy (Jain et al., 2006) .
In this study, we report latent class clusters identified in a cohort of 500 ADHD probands, ages 6-18, who along with their biological parents, participated in an ADHD genetic study. These clusters, representing more phenotypically refined sub-groups than those identified using broad DSM-IV categories, will be used in genetic association studies.
Methods

Participants
This sample includes 500 ADHD probands consecutively recruited in an ongoing ADHD genetic study aimed at recruiting 500 parent/child trios with one or more ADHD probands (ages 6-18). All subjects were of European descent. Individuals of other ancestries were not included because haplotype frequencies vary substantially across major world populations (Chang et al., 1996) , lowering power of the study to detect genetic association if multiple ethnic groups were included. The study was approved by the Institutional Review Boards of The Children's Hospital of Philadelphia (Protocol #2003-1-3125) and the University of Pennsylvania School of Medicine (Protocol #707843). Parents provided consent and children assent.
Procedures and exclusionary criteria
Families were recruited from pediatric and behavioral health clinics in the Philadelphia area. Phone screenings were conducted to determine age range of 6-18, presence of ADHD symptoms, ancestry, availability and willingness to participate in a genetic study from both biological parents. Exclusionary criteria included gestational age b 36 weeks, IQ scores b75, inability to understand and complete the K-SADS interview, major medical (excluding asthma), neurological (e.g. seizures, fetal alcohol syndrome, plumbism), and neuropsychiatric disorders (pervasive developmental disorder, bipolar disorder, major depressive disorder with symptoms starting prior to ADHD or where ADHD symptoms were found to occur primarily during depressed episodes, psychotic disorders). Disruptive behavioral disorders, other mood disorders and anxiety disorders were not excluded. Siblings meeting inclusion and exclusion criteria were also invited to participate in the study, but their participation was not required.
The cohort of 500 subjects was recruited from [2003] [2004] [2005] [2006] [2007] [2008] . Thirty-six subjects who had signed consent/assent were excluded from the study. Twenty subjects passed the phone screen but did not meet ADHD criteria on K-SADS. Five subjects met criteria for ADHD, however in three subjects these symptoms were considered to be due to a major depression and in two subjects anxiety symptoms were significantly contributing to the ADHD. Three other subjects who also met criteria for ADHD were excluded, one meeting criteria for cyclothymia, one for bipolar disorder, and one for psychotic symptoms. Five subjects were excluded due to medical history that became evident during the office visit and included one subject each for sleep apnea, IQ b 70, severe hypoglycemia at birth, absence seizures and febrile seizures. Two children agreed to participate and signed assent but then did not want to answer K-SADS questions and I interpreted this as their way of retracting assent while one child had severe social anxiety that prevented him from completing the interview.
Measures
A child psychiatrist (JE), trained in the administration of the K-SADS, assessed diagnostic status by administering a K-SADS-P IVR interview to the parent(s) and child separately. This semi-structured interview provides diagnoses occurring within the last twelve months of the present episode (PE) and for the last week (LW). K-SADS-P IVR rates each symptom on a graded severity scale thus allowing for a composite severity rating score. The domains of the K-SADS IVR include behavioral, mood, anxiety, psychotic disorders. Each symptom is rated on a graded severity scale (2 -slight; 3 -mild to moderate; 4 -severe), thus allowing for a composite severity rating score Fig. 1 . Histogram of age frequency of 500 ADHD cases. and it has modules for both current and lifetime diagnosing (Ambrosini, 2000) . Permission to videotape K-SADS interviews was included in the informed consent and 10% of the videotapes were randomly chosen and reliability maintained with the senior K-SADS trainer (PA). Cognitive ability was assessed by reviewing prior IQ assessments completed before study participation or the Wechsler Abbreviated Scale of Intelligence (WASI) was administered to children not previously tested. Other children, included but not formally tested, were performing at academic grade level and were able to understand and complete the K-SADS. Socioeconomic status (SES) was measured by the four factor Hollingshead Scale (Hollingshead, 1975) .
Data analysis
Consistent with DSM-IV criteria, subjects with 6 or more symptoms of inattention (K-SADS-P IVR severity scores N3) but fewer than 6 symptoms of hyperactivity and impulsivity were identified as inattentive subtype. Subjects with 6 or more hyperactiveimpulsive symptoms (severity scores N 3) and fewer than 6 symptoms of inattention were categorized as Hyperactive-Impulsive subtype and subjects with 6 or more symptoms in both dimensions were categorized as combined subtypes. Age of onset was not used and children with impairing ADHD symptoms who did not meet age criteria were included.
For comorbid mood and anxiety disorders, the K-SADS-P IVR diagnostic domain is keyed to the Research Diagnostic Criteria (RDC) (Spitzer et al., 1978) for those syndromes similar in youths and adults. All other diagnoses are DSM IVR based and were made excluding the DSM hierarchical requirements.
Latent Class Cluster Analysis (LCCA) models containing one through twelve classes were fitted to the data using Latent GOLD 3.0.1 software (Statistical Innovations, Belmont, MA). Latent GOLD uses both Expectation/Maximization (EM) and NewtonRaphson algorithms to find the maximum likelihood of each model after estimating model parameters (Vermunt et al., 2002) . To avoid ending up with local solutions (a well-known problem in LCA), we used multiple sets of starting values as automatically implemented in Latent GOLD. Because we were dealing with sparse contingency tables, we estimated P-values associated with L 2 statistics by means of parametric bootstrap (500 replicates) rather than relying on asymptotic P-values.
To obtain a bootstrap estimate of the P value corresponding to the difference in loglikelihood value between two nested models, such as two models with different numbers of latent classes or different number of discrete factors, we followed a procedure where the − 2LL-difference statistic is defined (LLH0 − LLH1), where H0 refers to the more restricted hypothesized model (say a K-class model) and H1 to the more general model (say a model with K + 1 classes) (Vermunt and Magidson, 2005) Replication samples were generated from the probability distribution defined by the ML estimates under H0. The estimated bootstrap P-value is defined as the proportion of bootstrap samples with a larger − 2LL-difference value than the original sample (Vermunt and Magidson, 2005) . Overall, this approach was comparable with the selection of the best fitting model when using parsimony criteria such as the BIC.
As covariates for the model, we used gender, age, and the fact of being part of an extended sibship. Age was analyzed as a continuous covariate to define clustering membership in the whole group without establishing any conditional age-based stratification. As the effect of age on cluster definitions was very significant we performed several analyses to determine correlation of age with each cluster defined by the model fitting best the data. In addition, we also performed analyses on individuals with an age below 12 years since 75% of the sample was below this age range. Similarly, as our sample included sib groups in addition to trios, we tested the effect of aggregation by family membership while contrasting this fact as a covariate following the same approach that was used for age. Significant differences among models including or excluding these two covariates (i.e. age and familial aggregation) were compared between them by both standard comparisons of likelihood ratio between hypothesis and bootstrapping as described above. Initially, we did not consider the presence of interactions between variables and the basic assumption of local independence of the standard latent class model was supported. Next, we relaxed the local independence assumption by allowing for interactions between variables, as well as for direct effects of covariates on variables (Hagenaars, 1988; Vermunt, 1997) . Latent GOLD calculates bivariate variable-variable and variable-covariate residuals that can be used to detect which pairs of observed variables are more strongly related. Therefore, bivariate residuals greater than 3.84 were included iteratively for each model to identify significant correlations between the associated variable-variable and variable-covariate pairs inside each class (for 1 degree of freedom, bivariate residuals greater than 3.84 indicate statistical significance at the 0.05 level).
Latent class analysis utilized the K-SADS-P IVR summary scores for the past year. Severity scores of 2 or less indicated absence of symptoms and severity scores 3 and higher indicated presence of symptoms. For ADHD, 9 inattentive symptoms, 5 impulsive symptoms and 6 hyperactive symptoms were included. The K-SADS includes impulsive symptoms that cover both DSM-III and DSM-IV criteria; hence, there are 5 impulsive symptoms rather than the 3 noted in DSM-IV criteria.
Although LCA is being done on a family-study sample such that the nonindependence assumption of the LCA is violated, analyses were applied only to affected children independently of the parents' status. Therefore such a bias does not apply for these particular analyses.
Results
Descriptive
The cohort consists of 500 subjects (398 families; 39 families with 2 siblings and 8 families with 3 siblings). The age range is 6-18 years with a mean of 10. This table lists the 6 ADHD latent class clusters (1-6), their ADHD symptom profile (inattention, impulsivity, hyperactivity), size, age and gender distribution. Fig. 2 . Latent class analyses identified 6 ADHD clusters that utilized the K-SADS-P IVR summary scores for the past year. Severity scores of 2 or less indicated absence of symptoms and severity scores 3 and higher indicated presence of symptoms.
(S.D. 3.2). A histogram of age frequency indicates
that at the time of assessment, 50% of the cohort was below 9.5 years; 75% and 90% were below 12. (Fig. 1) .
Latent class analyses
Latent class analyses (LCA) that included 500 ADHD cases and all age ranges (6-18 years) identified 6 statistically significant clusters. These are summarized in Table 1 and Fig. 2 includes cluster 6 with severe, clusters 1 and 4 with moderate and cluster 5 with mild combined; cluster 2 with moderate inattentive and mild hyperactivity; cluster 3 with severe inattentive and moderate hyperactivity.
Gender and age were used as covariates. Their distribution within the various clusters is summarized in Table 1 . Clusters with mild, moderate and severe combined symptoms had mean ages of 7.8, 8.3 and 9.1 years respectively while clusters with higher inattentive than hyperactive symptoms (clusters 1, 2 and 3) had the older children. The ratio of boys to girls is 2.3 to 1 in clusters 1, 2 and 6 and climbs to 3.1, 4 and 5.25 to 1 in clusters 4, 3 and 5, respectively. Females appear to be represented at similar levels in the moderate and severe clusters, are underrepresented in the severe inattentive cluster and overrepresented in the mild clusters.
Ascertainment of the cohort using DSM-IV diagnostic ADHD criteria for subtypes indicates that 60% of the cohort met criteria for combined subtypes; 31% for the Inattentive subtype and 9% for the Hyperactive-Impulsive subtype. Table 2 and Fig. 3 indicate that the Combined Subtypes comprise most of clusters 4 and 6, the Inattentive subtype corresponds to cluster 2 and small parts of clusters 1 and 3 while the hyperactive-impulsive subtype is located predominantly within cluster 5.
LCA analyses that included ADHD and Oppositional Defiant Disorder (ODD) symptoms and Conduct Disorder (CD) symptoms define 4 clusters. As can be seen in Table 3 and Fig. 4 , these include cluster 6 with severe combined ADHD and moderate ODD; cluster 1 with moderate combined and moderate ODD, cluster 5 with moderate combined ADHD and mild ODD and cluster 3 with severe inattentive and mild ODD, cluster 4 with sub-threshold ODD and moderate inattentive and cluster 2 with sub-threshold ODD and moderate combined. DSM-IV ascertained ODD occurred in all ADHD LCA clusters with the greatest representation in clusters 4 and 6 (61.4% and 69.7%) 59.9%) and the least in cluster 2 (14.3%). CD was represented only in ADHD clusters 1, 3 and 4. Table 4 summarizes comorbid mood disorders in the different clusters. There were no statistically significant differences in any of the 6 clusters. Table 5 summarizes comorbid anxiety disorders. With the exception of generalized anxiety disorder, none of the other anxiety disorders were statistically significantly different in the different clusters.
Discussion
This is one of the first studies investing the aggregation of ADHD and other neuropsychiatric symptoms in a clinical sample of ADHD children and adolescents using K-SADS-IVR data. Six significant ADHD clusters were identified in the age 6-18 range, similar to that reported by other investigators in population-based studies that also used DSM-IV diagnoses (Hudziak et al., 1998; Rasmussen et al., 2002; Rohde et al., 2001; Volk et al., 2005 Volk et al., , 2006 . A separate twin study utilizing teacher and parent Conner ratings identified fewer clusters possibly due to the limited impulsive symptoms captured by those rating scales (Althoff et al., 2006) .
Our clusters are also similar to those identified in a very large sample of clinically referred 6-18 year old ADHD (de Nijs et al., 2007) that identified 5 clusters. Two of our clusters (1 and 2) correspond to one of those clusters (medium inattentive and hyperactive-impulsive). In contrast to this study, one of our clusters did correspond to a hyperactive-impulsive subtype, albeit this cluster had the smallest number of subjects. In both deNijs's study and ours, clusters with the more severe inattentive symptoms appear to include the older age ranges while clusters with hyperactive-impulsive symptoms include younger cohorts. These results suggest that membership in a particular LC clusters may change over time and may reflect some of the same developmental instability noted over time in longitudinal studies using DSM-IV criteria (Lahey et al., 2005) and the later age of onset for IA reported by other studies (Willoughby et al., 2000) . However, unlike DSM-IV phenotypes, the fact that relatively distinct age ranges aggregate in different clusters suggests that these may hold advantages in genetic studies, which to date have included all age ranges. Gender also appears to affect class membership and in our study, Cluster 5 with mild hyperactivity has one of the highest ratios of boys to girls (5.25 to 1) and girls do not appear to aggregate to the inattentive clusters, a finding different from that of de Nijs and others that have showed an over-representation of girls in the inattentive subtypes. Comorbidity adds another layer of heterogeneity to ADHD, and in our sample 40.6% met DSM-IV criteria for ODD, 0.3% for CD. The number of subjects meeting DSM-IV criteria for ODD were unevenly scattered in the ADHD LC clusters with the highest membership being in the severe and moderate ADHD combined cluster and the lowest in cluster 2 (moderate inattention). LCA was also able to identify 6 distinct comorbid ODD-ADHD clusters; These included two clusters with moderate ODD, one aggregating with moderate and one with severe combined ADHD, two clusters with sub-threshold ODD, one aggregating with moderate combined and one with moderate inattention and two clusters with mild ODD, one aggregating with severe inattentive and one with moderate combined.
Comorbid anxiety disorders occurred in 32.2% of the sample and comorbid mood disorders in 23.2%. One third of our sample without comorbid disorders did not aggregate with any one of the six ADHD clusters. DSM-IV mood disorders were scattered throughout all the six ADHD LCA clusters. Anxiety Disorders, with the exception of generalized anxiety that occurred less frequently in cluster 4, were also scattered throughout the different clusters. However, this may be a reflection of development given that this cluster had one of the younger cohorts and higher rates (although not statistically significant) of separation anxiety. It is important to note however that at the time of evaluation many of our subjects had not passed through the ages of risk of some of the comorbid conditions. Therefore we cannot generalize about ADHD or comorbidity from data using crosssectional phenotypes that include a broad age range. Longitudinal data is essential in order to determine whether individuals retain membership in any particular cluster or whether there is a trajectory of clusters for ADHD and the comorbid conditions. Twin studies indicate that subtypes defined by DSM-IV categories as well as by latent-class analyses are highly heritable ) with the possible exception of the hyperactive-impulsive group (Rasmussen et al., 2004) . However, ADHD symptoms change with age. In a longitudinal twin study, ADHD symptoms were found to be moderately stable across the ages studied (18 months; 2, 3, 4, 7 and 8 years) however this was thought to be due mainly to shared genetic influences emerging during later stages of development not shared with those acting during earlier years (Kuntsi et al., 2005) . The differing ages in the LCA clusters also suggest that these are also subject to developmental instability. However, since LC clusters, unlike DSM-IV subgroups appear to have some distinct age ranges that could prove useful in identifying corresponding genes whose expression may be age dependent.
Clinical and research implications
The latent clusters identified in this report include cases that meet criteria for DSM-IV subgroups. While the DSM-IV subgroups have predictive validity (Lee et al., 2008) with clinical implications, this is yet unknown for the latent clusters. LC may have clinical value in potentially identifying subjects that fall below the threshold for DSM-IV criteria but who may still have impairment . LCA ascertained phenotypes may provide more phenotypically refined sub-groups than those identified using broad DSM-IV categories and may better correspond with the complex genetics underlying ADHD. The differing age ranges and gender representation in the different clusters may provide more homogenous groups necessary for genetic studies. Comorbidity for mood and anxiety disorders appear to be relatively similar across all the clusters however this needs to be shown in longitudinal data before their contribution to heterogeneity is dismissed.
Limitations
This sample is not representative of the general ADHD population or even clinical ADHD groups because it only included ADHD probands of European descent where both biological parents were available and willing to participate in a genetic study. The entire cohort was recruited at a single tertiary pediatric center (The Children's Hospital of Philadelphia) and may reflect biased referrals. For example, the center does not provide treatment for substance use limiting the referrals with this comorbidity by clinicians in the area. The majority of the K-SADS IVR interviews were completed by one rater, (JE) and this could introduce an information collection bias to this data set. Although impairment was assessed for several areas of functioning, informants included only parents and children. Environmental measures of support or adversity that may impact cluster assignments are also lacking. The young mean age of the subjects (90% below age 15) also implies that many subjects have yet to pass through syndrome specific age of onset time frames for comorbid conditions.
